Introduction {#Sec1}
============

Coal spontaneous combustion is one of the major disasters in collieries, and it had occurred in countries all over the world. Researchers reported that many of the coal spontaneous combustion areas were concealed^[@CR1],[@CR2]^. Accurate detection of the high-temperature zone in the early low-temperature oxidation stage is a major interest within the coal spontaneous combustion prevention and control field. Electromagnetic detecting technology is a conventional coal fire detection technology. Some researchers had made progress in locating the coal fire area using magnetotelluric field monitoring equipment. However, this method is greatly affected by the content of magnetic mineral components in the coal seam, especially pyrite^[@CR3]^. Some other researchers^[@CR4],[@CR5]^ had tried to locate coal fire by ground-penetrating radar technique based on voids and clefts induced by coal fires. Magnetic mineral components do not restrict this method, but it may be affected by formation fractures. The limitations on electromagnetic detection of coal fire may be reduced if we can find the mapping relationship between coal dielectric constant and temperature in low-temperature oxidation stage. The prediction time may be advanced as well.

It is believed that the dielectric properties of coal are the basis for studying the propagation of electromagnetic waves in the coal seam. The dielectric properties are also the critical parameters for the development of various geological exploration instruments (e.g., ground-penetrating radar, transient electromagnetic (TEM) instruments, etc.)^[@CR6]--[@CR10]^. Therefore, it is of great theoretical and practical value to study the coal dielectric properties under low-temperature oxidation condition for the detection of concealed coal low-temperature oxidation areas. Many researchers had reported the dielectric properties of coal pyrolytic at high temperatures in the microwave band. They believed that the dielectric properties of pyrolysis coal were related to different composition and structure. Peng *et al*. and Wang *et al*. found that the dielectric properties of coal remain relatively constant below 500 °C, but the relative dielectric constant and loss factor increased sharply with the increase of temperature after 500 °C due to the release of volatiles^[@CR11],[@CR12]^. Xu and co-workers found that the complex dielectric constant and the tangent of loss angle increase with the increment of temperature as a result of the ordered crystallite structure of coal^[@CR13],[@CR14]^. S. Marland *et al*. found that due to moisture removal, substantial reductions in coal dielectric constant and loss factor values occur between 80 and 180 °C and the dielectric properties of coal are dependent on coal rank^[@CR15]^. Xu *et al*. found that the dielectric constant of coal decreased with increasing temperature from 25 ° C to 120 ° C, and coal dielectric constant decreased first and then increased with the increment of coal rank^[@CR16]^. Current studies have not dealt with the dielectric properties and corresponding chemical mechanism of coal at the low-temperature oxidation stage. However, this stage is believed to be the most critical stage for preventing and controlling spontaneous coal combustion^[@CR17]--[@CR20]^. Consequently, this paper attempts to show the dielectric property variation law of low-temperature oxidation coal and verify the component and structure differences among low-temperature oxidation coals at different temperatures and the resulting potential effects on the dielectric properties. A low-frequency electromagnetic waveband was used in this study considering the coal spontaneous combustion concealment nature.

This study aims to develop an understanding of the low-temperature oxidation effects on coal dielectric properties by investigating the relationship between low-temperature oxidation coal composition and structure and the resulting dielectric properties. The coal dielectric properties were measured with an E4990A impedance analyzer and the 16451B test fixture manufactured by Keysight in the frequency band of 20 Hz to 30 MHz. The relationship between the dielectric properties and component and structure of coal samples was measured and analyzed with a Bruker Tensor 27 Fourier transform infrared (FTIR) spectrometer. Moreover, the coal component and structure effect on the coal dielectric properties during the low-temperature oxidation process was elucidated.

Experimental {#Sec2}
============

Preparation of coal samples {#Sec3}
---------------------------

Coals were selected from four coal mines in China: lignite from Changji (CJ) in Xinjiang Region, coking coal from Wenshui (WS) in Shanxi Province, fat coal from Tangshan (TS) in Hebei Province, and meager-lean coal from Changzhi (CZ) in Shanxi Province. The coals were crushed below 200 mesh in an airtight crusher and placed in a brown wide-mouth bottle for later usage. The sampling strictly followed the Chinese national standards (GB/T 482-2008). Proximate analysis of the raw coal is summarized in Table [1](#Tab1){ref-type="table"}.Table 1Proximate analyses of the coal samples.Coal sampleProximate analysis, wt%, dry basisMoistureAshVolatileFixed carbonCJ coal19.515.7226.1348.64WS coal0.8913.9721.9763.17TS coal0.5510.0022.5466.92CZ coal0.7910.8412.6875.69

Previous research results had shown that coal with different ranks exhibited a series of similar temperature-dependent oxidation stages and characteristic temperatures under air atmosphere^[@CR21]--[@CR25]^. TG/DTG curves and characteristic temperatures of four kinds of coal samples at 10 K/min heating rate in the air atmosphere are shown in Fig. [1](#Fig1){ref-type="fig"}. It can be seen that the weight of the coal sample first decreases and then increases during 30 °C to *T*~*3*~. *T*~*1*~ is the minimum point on the DTG curve at low-temperature oxidation stage, which relates to maximum weight loss rate. As the moisture content of CZ, WS and TS coal samples is small, *T*~*1*~ is not as evident as CJ. *T*~*2*~ is the maximum point on the DTG curve at oxygen absorption stage, which associates with the maximum weight gain rate point. *T*~*3*~ is the maximum mass point on the TG curve at oxygen absorption stage. Some other temperatures were inserted in to reduce the test temperature intervals. The test temperatures were determined based on thermogravimetric experiments, as summarized in Table [2](#Tab2){ref-type="table"}.Figure 1Characteristic temperatures of oxidized coal. I: Dehydration and gas desorption stage, II: Oxidation and weight increase stage, III: Combustion stage, IV: Burnout stage.Table 2Processing temperatures for coal samples under oxygen condition.Coals*T* (°C)CJ3070103 (*T*~*1*~)120150182213 (*T*~*2*~)230260 (*T*~*3*~)WS3070103 (*T*~*1*~)120165225288309 (*T*~*2*~)350 (*T*~*3*~)TS3070103 (*T*~*1*~)120165213275288 (*T*~*2*~)330 (*T*~*3*~)CZ3070103 (*T*~*1*~)120165225288309 (*T*~*2*~)350 (*T*~*3*~)

The horizontal tube reactor preheated at a heating rate of 10 °C/min to characteristic temperatures. Following this, about 50 g coal powder was uniformly spread in a crucible and then pushed into the center of the heated tube. After been held at each characteristic temperature under air atmosphere for one hour, the coal power was naturally cooled to room temperature and then ground for later tests. Finally, 0.5 g coal powder and 1 g polyethylene was added to the mold and pressed into a 30-mm-diameter disc sample. The process was conducted under an air atmosphere to simulate coal spontaneous combustion.

Measurement of dielectric properties {#Sec4}
------------------------------------
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                \begin{document}$${\varepsilon {\prime\prime} }_{{\rm{r}}}$$\end{document}$. The dielectric property of coal samples was assessed in the frequency range from 20 Hz to 30 MHz with an E4990A impedance analyser manufactured by Keysight. The parallel equivalent circuit was employed since the coal impedance value was large. The measurement instrument and the corresponding measurement principle are shown in Fig. [2](#Fig2){ref-type="fig"}.Figure 2Keysight E4990A impedance analyzer and the equivalent circuit model.

The real part and imaginary part of the relative dielectric constant were calculated using Eqs. ([2](#Equ2){ref-type=""}--[4](#Equ4){ref-type=""}). Where *R*~*p*~ was the sample equivalent resistance, *t* was the sample thickness, $\documentclass[12pt]{minimal}
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FTIR measurements {#Sec5}
-----------------

FTIR measurements performed on a Bruker Tensor 27 (Germany) FTIR spectrometer. To prepare samples for FTIR, 1 mg coal powder firstly mixed with potassium bromide (KBr) powder at a ratio of 1:100. The mixture then ground in an agate mortar for 6 min. Following grinding, the resulting powder mixture was placed in a mould and pressed into a round sheet under a pressure of 10 MPa. In the end, the scan of the sample performed in the wavenumber range of 400--4000 cm^−1^ to obtain absorption spectra with a resolution of 4 cm^−1^. The FTIR spectra were semi- quantitatively analyzed using the software OPUS (Bruker, Germany) and Omnic to get the component and structure change during early spontaneous combustion stage.

Results and Discussion {#Sec6}
======================

Dielectric properties of spontaneous combustion coal {#Sec7}
----------------------------------------------------

The dielectric constant of spontaneous combustion coal at three intermediate frequency(10 kHz, 100 kHz, and 1000 kHz) was analyzed to reduce systematic errors. Figures [3](#Fig3){ref-type="fig"} and [4](#Fig4){ref-type="fig"} present the experimental data on the temperature dependence of real and imaginary dielectric constant of oxidized coal samples. Among the four raw coal samples, the dielectric constant of the CJ coal sample was the largest, about 45.94\~20.16 in the test frequency range, and one order of magnitude higher than the real part of the dielectric constant of the other three coal samples. Followed by WS and CZ coal samples, their dielectric constant real parts were about 7.75 to 4.84 and 7.36 to 4.60, respectively. The real part of the dielectric constant of the TS coal sample was about 6.24 to 4.51, which was the smallest. The order of the imaginary and real dielectric constant values of four kinds of coal was the same. The imaginary part of the dielectric constant of CJ raw coal was about 20.98 to 8.36, WS raw coal was about 1.81 to 0.21, CZ raw coal was about 1.83 to 0.22, and TS raw coal was about 0.95 to 0.11. According to the proximate analysis results of the coals, the water contents of the CJ, WS, CZ, and TS raw coal were 19.51%, 0.89%, 0.79%, and 0.55% respectively, which was consistent with the coal relative dielectric constant order. A possible explanation for this might the fact that water is a highly polar material, which has a relative dielectric constant of approximately 80 at normal temperature and pressure. As the coal samples contained an amount of water at the initial temperature, especially CJ coal sample, they manifested high real and imaginary parts of the dielectric constant.Figure 3Temperature dependence of four coal dielectric constant real part at different frequencies. (**a**) 10 kHz, (**b**) 100 kHz, (**c**) 1000 kHz.Figure 4Temperature dependence of four coal dielectric constant imaginary part at different frequencies. (**a**) 10 kHz, (**b**) 100 kHz, (**c**) 1000 kHz.

The change of the dielectric constant of the coal sample after heat treatment could divide into two stages. 30 °C to 120 °C corresponded to the coal dehydration stage, and 120 °C to *T*~*3*~ corresponded to the oxygen absorption stage. At the three frequencies, the real and imaginary parts of the dielectric constant of CJ coal samples dropped sharply by 83.3\~74.6% and 93.5\~97.1% respectively at 30 °C to 120 °C, then remain almost unchanged from 120 °C to *T*~*3*~. We could see that due to the high initial dielectric constant of the CJ coal sample, the variation characteristics of the remaining three coal samples with temperature were masked. Therefore, we separated the test results of WS coal, TS coal, and CZ coal samples. From Figs. [3](#Fig3){ref-type="fig"} and [4](#Fig4){ref-type="fig"} we can also see that the real and imaginary part of the dielectric constant of these three kinds of coal samples had a similar change trend with the rising temperature. The real part of the dielectric constant of WS coal, CZ coal, and TS coal sample decreased monotonously by 27.0\~16.7%, 31.0\~18.5% and 31.7\~22.0% between 30 °C and 120 °C. The imaginary part of three coal samples decreased monotonously by 58.0\~38.1%, 61.2\~54.5% and 76.8\~81.8%.

There are two possible explanations for the decrease of the complex relative dielectric constant with the increase of temperature from 30 °C to 120 °C. A possible reason for this may be the water evaporation. Another possible explanation for this is that water evaporates from pores. These pores were equivalent to a large number of small capacitors embedded in the coal. Because of these capacitors were air, which had a low dielectric constant, the overall relative dielectric constant of the coal decreased. However, for the volume of the pores were much smaller than the volume of the coal itself, the effect of the pore volume on the coal relative dielectric constant may not be significant. Besides, based on GF-A6 type industrial analyzer, the moisture content of coal samples before 120 °C was measured, as shown in Figs. [3(a)](#Fig3){ref-type="fig"} and [4(a)](#Fig4){ref-type="fig"}. With the increase of temperature from 30 °C to 120 °C, the moisture content of CJ, WS, CZ and TS coal samples decreased by 18.29%, 0.74%, 0.68%, and 0.34% respectively. It could be seen that the higher the original moisture content of the coal sample, the more significant the decrease of the real and imaginary parts of the coal sample dielectric constant. The dielectric constant of the CJ coal sample decreased by more than 74.6% in the test frequency range^[@CR15]^. Heated and then cooled a coal sample that contains a moisture content of 4%. He found that the dielectric constant of coal decreased from 2.69 to 2.35, a decrease of approximately 12.6%. Compared with his research results, the reduction of the dielectric constant of the coal sample in our experiments was 16.7% to 83.3%, which is obviously higher than 12.6%. The reason for this phenomenon was that the test frequency used in our research was lower than the 2.216 GHz he used. Our experimental results can also verify this phenomenon. For example, the CJ coal real dielectric constant was 47 at 10 kHz. It decreased to 37 at 100 kHz. However, the frequency had no discernible effect on the changing trend of coal dielectric constant during spontaneous combustion. In summary, the higher the moisture content in raw coal, the more likely it is to use electromagnetic method to predict the coal fire. At the same time, using a low-frequency electromagnetic wave as far as possible under the premise of ensuring the resolution may improve the accuracy of fire detection.

Coal rank and mineral composition may also important factors affecting the dielectric properties of coal. The dielectric constant of dry coal samples should be used as moisture has a very significant effect on the dielectric properties of coal, when discussing the effect of coal rank and ash on the dielectric constant of coal samples. From Figs. [1](#Fig1){ref-type="fig"} and [3](#Fig3){ref-type="fig"}, one could see that the dehydration temperature of CJ coal samples is about 180 °C, and that of TS, CZ, and WS coal samples is about 120 °C. Take 10 kHz as an example, the real part of the dielectric constant of the dried WS coal sample is the largest, about 5.67, followed by CZ, CJ, and TS, and the real parts of their dielectric constants are 5.08, 4.73, and 4.26, respectively. The imaginary part of the dielectric constant of the dried WS coal sample is the largest, about 0.76, the next are CZ, CJ, and CJ, their imaginary parts of the dielectric constant are 0.71, 0.36, and 0.22. These results indicate that the higher the coal rank, the larger the real and imaginary dielectric constants. Because the higher the coal rank, the higher the degree of aromatization and more out-of-domain electrons could be generated when an electric field is applied. Mineral content in coal is mainly characterized by ash. According to the results of the industrial analysis in Table [1](#Tab1){ref-type="table"}, the coal with the highest ash content is WS coal, which is about 13.97%, followed by CZ, TS, and CJ, which have ash contents of 10.84%, 10.00%, and 5.72%, respectively. The results show that the higher the ash content, the greater the dielectric constant of the dehydrated coal sample.

The dielectric constants of WS coal, CZ coal, and TS coal samples reached minimum values at 120 °C, which were 5.66--4.03, 5.08--3.75, and 4.26--3.52, respectively. The real and imaginary parts of the dielectric constant of each coal sample increased non-monotonically between 120 °C and T3, and the maximum value obtained at the highest three temperatures. However, the corresponding temperatures of the maximum values were different, which might be caused by systematic errors in measurement. The fluctuating growth in the coal relative dielectric constant after 120 °C could attribute to the chemical oxygen absorption reaction of coal. The active reductive groups reacted with oxygen during temperature increasing, and the carbonyl (C=O) compounds (such as aldehydes (RCHO), ketones (RCOR'), carboxylic acids (RCOOH), and carboxylic acid derivatives), ethers (C--O), and non-metallic oxides (Si--O) were generated^[@CR26],[@CR27]^. These oxygen-containing compounds may have a relatively strong polarization response under the action of an electric field, which lead to an increase in the dielectric constant of oxidized coal samples.

As the coal oxidizes, the temperature of the coal rises, the water evaporates, and the coal becomes dry. The dried coal is further oxidized to become oxidized coal. The experimental results show that raw coal, dry coal, and oxidized coal have different dielectric constants, which meets the basic requirements of electromagnetic detection. Electromagnetic waves reflect at the interface between two materials with different dielectric constants, and the more significant the difference between the dielectric constants of the two materials, the more obvious the reflection is. If an area with potential coal spontaneous combustion risk continuously monitored and the amplitude and phase of the time-domain electromagnetic signals change, it may be that coal oxidation occurs in this area.

In a previous work^[@CR28]^, we proposed a model for the change of dielectric constant with temperature without considering moisture content. However, from Figs. [3](#Fig3){ref-type="fig"} and [4](#Fig4){ref-type="fig"}, we found that high water content could conceal the change of dielectric constant with the increasing temperature. So it was necessary to discuss CJ coal samples with higher water content and WS, CZ and TS coal samples with lower water content, respectively. The simple statistical fitting analysis method was used to evaluate the relationship between dielectric constant and temperature further. Both the dielectric constant of CZ and WS coal samples became smaller abnormally at 320 °C. The data abnormity was considered to be caused by the preparation process for these two kinds of coal samples were produced at the same temperature, and therefore, these data were omitted. The results of the fitting analysis of the coal real and imaginary dielectric constant and temperature at different frequencies were summarised in Figs. [5](#Fig5){ref-type="fig"} and [6](#Fig6){ref-type="fig"}. As can be seen from Figs. [5(a)](#Fig5){ref-type="fig"} and [6(a)](#Fig6){ref-type="fig"}, the value of real and imaginary dielectric constants of CJ coal samples, with high water content, could be described by a binomial, exponential model during coal low-temperature oxidation process. The fitting equation is shown as Eq. ([5](#Equ5){ref-type=""}), where $\documentclass[12pt]{minimal}
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It was clear that there was an excellent agreement between the experimental data and binomial, exponential regression equation with a correlation coefficient higher than 99%. The preexponential factor *a* was observed to be related to the dielectric constant at room temperature. The larger the initial dielectric constant, the larger the value of *a*, and vice versa. Therefore, it could be concluded that the value of *a* depended on the moisture content of coal samples and *b* depended on the loss rate of water. The second term of the regression equation mainly played a role in correcting the high-temperature section.

Figures [5(b--d)](#Fig5){ref-type="fig"} and [6(b--d)](#Fig6){ref-type="fig"} show the fitting curve of the real and imaginary part of WS, CZ, and TS coal dielectric constant with the temperature respectively. Due to the low water content of these three coal samples, the coal dielectric properties between 120 °C and T3 could not be ignored. Curve fitting results showed that a piecewise linear model could describe the real and imaginary parts of the dielectric constant. The linear regression equation is shown as Eq. ([6](#Equ6){ref-type=""}), where $\documentclass[12pt]{minimal}
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As Tables [3](#Tab3){ref-type="table"} and [4](#Tab4){ref-type="table"} show, there was a significant negative correlation between temperature and coal dielectric constant between 30 °C and 120 °C for the correlation coefficient of the linear regression equation was more than 94%. It was likely that the slope of the linear regression equation *p* and the intercept *q* was determined by the coal water content and the waterfree coal dielectric constant. For example, TS coal sample had the lowest initial dielectric constant, that was to say, the coal sample had the lowest moisture content. However, the slope of the fitting equation was almost the same as WS and CZ coal sample. The reason for this was that the waterfree dielectric constant of TS coal sample was the lowest. The correlation coefficients of the regression equations between 120 °C to *T*~*3*~, shown in Tables [3](#Tab3){ref-type="table"} and [4](#Tab4){ref-type="table"}, were higher than 60% except for the TS coal sample at 100 kHz and 1000 kHz. It seemed that a strong positive linear relationship existed between the coal dielectric properties and temperature during the oxygen adsorption stage (120 °C to *T*~*3*~) although it was not as apparent as the dehydration stage. The slope *r* and intercept *S* of the linear regression equation of the low-temperature oxidation stage may depend on the oxidation characteristics of coal (e.g., different reactions in the low-temperature oxidation process, types, and contents of oxygenated compounds).

Changes in the functional groups of oxidized coal {#Sec8}
-------------------------------------------------

The type and content of functional groups, which is a critical characterization of the coal composition and structure, vary with different stages of coal oxidation. Changes in the coal component and construction can cause changes in the relative dielectric constant. Consequently, it is necessary to assess the evolution of coal functional groups during low-temperature oxidation to comprehend the causes of changes in dielectric properties. Many scholars have used FTIR spectrometry to characterize the component and structure of coal. This technique is also employed in this study.

The infrared spectra of the WS, CZ, and TS coal samples at the start and stop temperatures of the water loss and oxygen absorption stages were measured. Take the WS coal as an example. The original FTIR spectra of WS coal sample treated under 30 °C, 120 °C, and *T*~*3*~ are shown in Fig. [7](#Fig7){ref-type="fig"}. Each FTIR spectrum for the oxidized coal samples in Fig. [7](#Fig7){ref-type="fig"} has two main oxygen-containing functional groups regions: the ether region (from 1300--1110 cm^−1^) and the carbonyl region (from 1650--1750 cm^−1^)^[@CR29]--[@CR32]^.Figure 7FTIR spectra of oxidized WS coal samples at 30 °C, 120 °C, and *T*~*3*~.

The FTIR spectra of the main oxygen-containing functional groups are shown in Fig. [8](#Fig8){ref-type="fig"}. From the graph, we can see that the bandwidth and absorbance of the oxygen-containing functional groups in the coal sample increased with increasing temperature. The peaks were deconvoluted and fitted to compare the difference in oxygen-containing functional groups among various coal samples in more detail^[@CR33]--[@CR35]^. Take WS coal sample as an example; the deconvolution results of carbonyl functional groups region are shown in Fig. [9](#Fig9){ref-type="fig"}. The results revealed 4 to 5 absorption peaks in the area of 1800--1600 cm^−1^, which were attributed to different carbonyl (C=O) compounds. Gaussian-type curves were used for all the peaks, and the baseline was defined as linear. The parameters used for the peak fitting are shown in Table [5](#Tab5){ref-type="table"}. The difference in the transparency of the coal sample caused the baseline of the infrared spectrum to tilt, resulting in a slight shift in the center of the fitted peak of the functional group in different coal samples. The curve-fitted spectrum of WS coal in the region of 1800^−1^ to1600^−1^ is shown in Fig. [10](#Fig10){ref-type="fig"}. As shown in Fig. [10](#Fig10){ref-type="fig"}, with increasing temperature, the carboxylic acid (RCOOH) groups increased most significantly among all carbonyl compounds. From 30 °C to 120 °C, the carboxylic acid group of WS hardly showed in the FTIR spectra. However, with oxidation temperature exceeded 120 °C, the absorption peak area for the carboxylic acid group (1701 cm^−1^) increased obviously, indicating that the carboxylic acid group content increases significantly. As can be seen in Fig. [8](#Fig8){ref-type="fig"}, the peak area of ethers vary slightly between 30 and 120 °C. When the temperature reaches *T*~*3*~, the peak value and peak area increased significantly compared with 120 °C. The peaks in the ethers region (between 1300 and 1100 cm^−1^) separated clearly, and thus need not to carry out peak fitting.Figure 8FTIR spectra of main oxygen-containing functional groups of oxidized WS coal samples at test temperatures.Figure 9Curve-resolved spectra for WS raw coal in the region of 1800--1600 cm^−1^.Table 5Peak fitting parameters for the FTIR spectrum of WS raw coal in the region of 1800--1600 cm^−1^.PeakCenter (cm^−1^)Assignment11740Esters21724Esters31701Carboxylic acid41678Conjugated C=O51653Highly conjugated C=OFigure 10Curve-fitted spectra in the region of 1800--1600 cm^−1^ for 3 temperatures. (**a**) 30 °C, (**b**) 120, and (**c**) *T*~*3*~.

A semi-quantitative calculation was made based on the absorbance curves to investigate changes in the relative content of oxygen-containing groups. The C=C functional group was considered to be constant during coal low-temperature spontaneous combustion^[@CR36]--[@CR38]^. Thereby, the peak area ratio of the oxygen-containing functional groups and C=C groups can adequately characterize the relative content of the oxygen-containing functional group during the oxidation process. The following relationships were investigated:

(C=O + O − R)/C=C((1650--1750 cm^−1^) band + (1300--1110 cm^−1^) band)/(1550--1605 cm^−1^) band

Figure [11](#Fig11){ref-type="fig"} shows the relative content of ethers and carbonyl compounds. As shown in Fig. [11](#Fig11){ref-type="fig"}, the relative content of ethers in coal was lower than that of carbonyl compounds. The relative content of both ethers and carbonyl compounds of coal samples at 30 °C and 120 °C did not change remarkably. We can also see from the figure that with the oxidation temperature reached to *T*~*3*~, the relative content of ethers in CZ, TS, and WS coal samples increased by 0.47%, 19.7%, and 2.37%, respectively; except for TS coal samples, the relative content of CZ and WS increased slightly. The relative content of carbonyl compounds in three coal samples increased by 4.88%, 17.41%, and 13.71%, respectively, and TS coal sample increased the most.Figure 11The relative content of coal oxygen-containing functional groups. (**a**) Ethers; (**b**) Carbonyl compound.

Correlation between structural and material changes and dielectric response to coal low temperature oxidation {#Sec9}
-------------------------------------------------------------------------------------------------------------

A schematic diagram of the changes in structure and product during spontaneous combustion of coal was plotted to illustrate the effect on dielectric properties, as shown in Fig. [12](#Fig12){ref-type="fig"}.Figure 12Schematic diagram of coal material and structure evolution during low-temperature oxidation.

The water molecule in raw coal produces intense dipole orientation polarization under the action of the external electric field, so the dielectric constant of raw coal is the largest. Besides, coal is a cross-linked macromolecule that contains only a small amount of dipoles. The dipole has little freedom of movement, which leads to weak orientation polarization. Therefore, after the raw coal loses water, the coal dielectric constant reaches a minimum. Carbon-carbon $\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${{\boldsymbol{\alpha }}}_{{\boldsymbol{M}}}$$\end{document}$CommentsBond*μ*.Debye (D)C--H0.65aliphaticC--H0.4C--C0.64aliphaticO--H1.51C--C1.07aromaticC--C0C=C1.66C--O0.74C=O1.20carbonylC=O2.3

As can be seen from Table [6](#Tab6){ref-type="table"}, the mean polarizability of carboxyl groups (C=O) is 1.20 A^3^. It is almost twice the average value of the aliphatic carbon-hydrogen bond (C--H). We could also see that the dipole moment of carboxyl (C=O) was 2.3 Debye, which is about six times the dipole moment of the carbon-hydrogen bond (C--H) and three times of the ethers bond. As a result, both the orientation polarization and the induced dipole moment of oxidized coal samples increased significantly because of the increase of the oxygenated compounds. Thus the polarization and dielectric response of coal samples determined by the superposition of both effects were enhanced. We can also suggest that carbonyl compounds play the most significant role in dielectric response of coal among the oxygenated compounds. Because in this study, the relative content of carbonyl compounds had been found higher than that of ethers. Though surprisingly the observed relative content of ethers in TS coal increased significantly at *T*~*3*~ temperature, the increase of carbonyl compounds was generally more significant than that of ethers. And in section 3.1, no significant increase in the slope of the linear regression equation was observed along with the considerable increase of relative content of ethers of TS coal during 120 °C to *T*~*3*~. It further proves that the effect of ethers on the dielectric constant of self-ignited coal is less significant than that of carbonyl compounds.

It can also be seen from Eq. ([11](#Equ7){ref-type=""}) that the self-ignited coal dielectric property was closely related to the real-time temperature. The coal dielectric properties were mainly studied from the oxidation product point of view because of the limitation of current experimental instruments. As the water evaporates during spontaneous coal combustion, the orientation polarization of the coal sample weakens. While the induced polarization is relatively less affected by temperature. As a result, even if the temperature was not considered, the results still could reflect the variation of dielectric properties of coal with temperature. Further research should be done to investigate the real-time dielectric properties changes during coal spontaneous combustion process.

Conclusion {#Sec10}
==========

This study had established a temperature-dependent dielectric constant model of spontaneous combustion coal based on different moisture content and explained the principles of these changes from oxidation products. The following main conclusions were drawn:Based on different water contents, the relationship between coal dielectric constant and temperature during spontaneous combustion was described by different mathematical models. There was a significant binomial, exponential relationship between dielectric constant and temperature (30 °C to *T*~*3*~) for high water CJ coal, the moisture of which is 19.51%. For CZ, WS and TS coal with lower water content, the moisture of which range from 0.89% to 0.55%, there was an apparent piecewise linear relationship between dielectric constant and temperature. The coal dielectric constant was negatively linearly correlated with the temperature at the low-temperature stage (30 °C to120 °C) and positively linearly correlated with the temperature at the high-temperature (120 °C to *T*~*3*~), respectively.For CJ coal samples with 19.51% water content, the dielectric constant decreased by 74.6% due to temperature rise and water loss. While for the other three coal samples with about 1% water content, the dielectric constant decreased by only 16.7% to 31.7%. Besides, reducing the detection frequency under the premise of the resolution is beneficial to amplifying the water loss effect of coal. Therefore, we believe that using low-frequency electromagnetic waves to predict coal fire with higher water content can achieve better results.Dehydration was the reason for the decrease of coal dielectric constant in the low-temperature stage. The increase of the relative content of oxygen-containing functional groups, especially carbonyl compounds, was the reason for the rise in the coal dielectric constant in the high-temperature stage. Therefore, for coals with lower water content, the increase of the dielectric constant during low-temperature oxidation(120 °C to *T*~*3*~) can be used as a supplement to enhance the reliability of prediction.
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